ABSTRACT
"Cisucrose for up to 90 minutes. In callus tissues and in pith sections from stems of tobacco plants, sucrose was primarily metabolzed through invertase activity, producing equal amounts of labeled glucose and fructose.
Respiration of "CO2 followed the labeling patterns of tricarboxylic acid cycle intermediates. Photorespiration activity was low.
Even though plant tissue cultures can be used as sources of new biochemical and genetic variation in plants, relatively few details are known about their chemical composition or the effects of physiological parameters on their composition. Isolated reports on metabolite concentrations can be found such as those for glutamine, alanine and malate (2) , uridine 5-diphosphate-glucose (5) and the adenosine and nicotinamide nucleotides (4, 5) .
The effects of auxin on metabolite concentrations and metabolism of callus cultures have been indirectly characterized by Thorpe and colleagues in their studies on organogenesis (4, 20, 21 sources. For example, light decreased nicotine production in tobacco cultures (15) , and altered metabolite patterns during CO2 fixation in both heterotrophically and photoautotrophically grown tobacco cells (13) .
Heterotrophically grown plant callus cultures use sucrose as their primary source of energy and carbon skeletons. Most indications are that sucrose is primarily hydrolyzed by invertase action (6) , however, enzymic analysis of callus cultures, especially during organogenesis, has suggested that sucrose synthase activity could play a major role in sucrose metabolism (21, 22) . Analysis of enzyme patterns has implicated a major role for the pentose phosphate pathway in the oxidation of glucose during organogenesis of tobacco callus cultures (21) . The intracellular concentrations of carbon compounds which are reported here are intended as a general data set for plant callus cultures. The effects of light and auxin on the metabolite concentrations will be characterized. These concentrations, along with the observed metabolism of [U-'4C]sucrose by our callus cultures, will be compared to the observations of others using whole plant tissues or related tissue culture systems.
MATERIALS AND METHODS
Callus Cultures. Callus cultures were derived from the pith tissue of Nicotiana tabacum (var. Wisconsin 38) stems. Pith explants and calli were grown in Petri dishes (100 x 15 mm) on a modified Linsmaier and Skoog (11) medium containing nutrient salts ("Murashige and Skoog Plant Salt Mixture", Flow Labs., Inglewood, CA), 100 mg/l inositol, 0.4 mg/l thiamine, 2% sucrose, and 1% agar, with 3.0 mg/l NAA3, and 0.3 mg/l 2iP. Calli were subcultured every 4 weeks. The average inoculum size was about 2 mm3. When subculturing prior to the experiments described below, the calli were transferred onto two media. The first medium was that described above and is referred to in the text as the "high-auxin" medium. The second, referred to as "low-auxin" medium, has one tenth as much NAA (0.3 mg/l). The callus cultures on both media were then separated into two sets and grown at 24 C, either in complete darkness or under continuous illumination of 100-200 ,uE m-2 s-'. Four samples from each growth condition were analyzed (2 callus samples from 2 different dishes). Only 3 samples of cultures grown in the dark on low-auxin medium were used. Each sample consisted of 1.0 g fresh weight of agar-free callus. The extracellular sucrose was removed by washing the cells twice with 5 ml of 0.2% (w/v) sucrose followed by three washes with 5 ml H20 (allowing washes to sit for 10 s before removal by vacuum through a Whatman No. 1 filter). The sample was then homogenized in I ml 80% (v/v) ethanol at 4 C and washed into a conical centrifuge tube with 1 ml 80% etahnol. The homogenate was centrifuged three times, the pellet being resuspended in 2 ml H20 each time. Chloroform, 2 ml, was added to the combined supernatants in a capped conical centrifuge tube which was then shaken. The aqueous phase was removed and its volume reduced to less than 2 ml by blowing N2 gas over the surface. The above procedures did not significantly affect metabolite recovery. Aliquots of the insoluble pellet and the aqueous and chloroform extracts were used for determinations of radioactivity.
The aqueous phase was then passed through a cation exchange column (0.5 x 4 cm, Bio-Rad AG 50W-X8, hydrogen form, 200-400 mesh, Bio-Rad Labs, Richmond, CA) and further analyzed following a modification of the methods of Larsen et al (9) . A water eluate containing the sugars, sugar phosphates, and organic acids was collected and the neutral and acidic amino acids were eluted with 4 ml of 1 N pyridine. The basic amino acids and strong bases were then eluted with 4 ml of 3 N NH40H. Aliquots of all the fractions were used for determining radioactivity. Their volumes were then decreased with a stream of N2 gas.
The sugar and organic acid eluate was fractionated by twodimensional descending paper chromatography, using high-pH phenol and butanol-propionic acid solvents as described previously (17) . The amino acid fractions were separated by paper chromatography as described by Larsen et al (9) using butanol: acetic acid: water (12:3:5 v/v) in the first dimension followed by butanol: methyl ethyl ketone: NH4OH: H20 (5:3:1:1 v/v) in the second dimension. After location of the labeled compounds by radioautography, the spots were cut out, soaked in 2.5 ml H20, and their radioactivity determined by scintillation counting with 15 ml of aqueous counting solvent.
The very high concentrations of glutamine and asparagine found in our callus cultures interfered with the chromatographic analysis of glycine, serine, alanine, and y-amino butyric acid. Therefore, portions of the neutral and acidic amino acid fractions were acid hydrolyzed with 3 N HCl at 100 C for 24 h in vacuo. The samples were then analyzed by paper chromatography as above. The increases in glutamate and aspartate labeling were used to calculate the amount of glutamine and asparagine present, respectively.
To verify indejendently that the amino acids were metabolically saturated with C]carbon during the 15 days on media containing [U-'4C]sucrose, the specific radioactivities of the amino acids were determined using [G-3HJdansyl chloride as described by Larsen et al (9) wick was removed and placed in a vial containing 0.5 ml Protosol and 15 ml nonaqueous counting solvent. The cells were then quickly transferred and washed in cold sucrose and water, homogenized, fractionated, and analyzed as described above for the determination of intracellular metabolite concentrations.
RESULTS

Callus
Cultures. Growth characteristics of the calli used in our studies are shown in Table I . Consistent values for the relative dry weights of callus cultures, calculated as a fraction of the fresh weights, were obtained when comparing calli with identical chronologies of explanting and subculturing. However, significant variation in the dry weight proportion was observed between calli differing in these parameters, even when grown under identical conditions (e.g. compare dry weight values in Tables I and II ). In the calli studied for Table I , subculturing cells onto new media caused various changes in their dry weight proportions during the 4-week subculturing period. Only the light-grown callus cultures on low-auxin media (green cells) significantly increased their dry weight proportions through the 4 weeks measured. Increases in total dry weight suggest that the calli doubling times varied significantly, dependent on the media and the period since subculturing (Table I) . (Table II ). An estimation of the dry weight of the cultures from the labeling data can be made assuming that each ,ug-atom 14C-carbon is equivalent to 1 ,umol of the general formula CH20 (I ,ug-atom = 30 jig dry weight). A l-g callus sample which was dark-grown on high-auxin medium and had a total labeling of 227 t,g-atoms C g fresh weight-' (Table II) would therefore be equivalent to 6.8 mg dry weight. This only accounts for about half the 15.2 mg dry weight which was found in these cultures (Table II) . Calculations Tritiated dansyl chloride derivatives of the "'C-amino acids were made to verify independently their specific radioactivities. All the amino acids analyzed had as high a specific radioactivity as that of the [14CIsucrose supplied except for glutamate, glutamine, and asparagine. These three amino acids were from 40 to 85% "saturated" depending on the growth conditions. Accordingly, the values for intercellular concentrations of these amino acids (Table III) were derived by quantitatively accounting for this lack of total labeling. It is likely that glutamate, glutamine and asparagine are primarily end-product and/or nitrogen-storage compounds in these cultures and therefore have very slow turnover rates.
The most dramatic difference in relative concentrations of metabolites between our callus cultures and plants was the very large glutamine concentrations in the callus, ranging from 20,800 to 130,000 ng-atoms g fresh weight-' (or from 4 to 26 mM) (Table  III) . Asparagine concentrations in our cultures were also unusually large. Glutamine was the largest single fraction found in our analysis.
Some of the metabolite concentration changes observed in the different light-auxin regimes (Table III) were similar to the changes in the dry weight proportions of the cultures (Table II) . However, many compounds followed patterns quite independent of differences in dry weight. Sucrose concentrations were almost 10-fold higher in callus grown in the light on low-auxin media (green callus) than in calli grown under the other conditions. Sucrose content was 48,200 ng-atom g fresh weight-' (or 4 mM) in these cells (Table III) . Maltose, glycerate, and malate concentrations were also disproportionately large in green callus when compared to concentrations in callus grown under other conditions.
Glucose and fructose concentrations showed the same pattern of response to the various Frowth conditions. Their concentrations on a ,umol g fresh weight-basis were larger than those of sucrose. Pentose concentrations (primarily ribose and xylose in tobacco plants, [19] ) increased in calli grown on low-auxin containing media. UDP-glucose and pentose-P levels were too low to detect in our system, which indicates that their concentrations were well below 100 ng-atoms g fresh wt-1.
Proline concentrations increased more than 20-fold in callus transferred to low-auxin media in the light (Table III) . Citrate concentrations were about 5-fold higher in dark-grown callus cultures than in those growin in the light. Table III also lists two compounds, P1 and P2, which chromatographed on paper in the region of 2-and 3-carbon phosphorylated compounds (such as 3-P-glycerate, P-enolpyruvate, P-glycolate, and P-serine; though chromatographic analyses have shown that the compounds are not any of the above acids). The two compounds are listed because of their dramatic dependence on auxin concentrations in the media. The concentrations of both compounds increased an average of 13-fold in tissue grown on high-auxin media, whereas, illumination during growth had al- Figure 1 .
Glucose and fructose labeling accounted for 55 to 82% of the metabolism of [14C]sucrose (Fig. 1) . The metabolically active hexose pools in callus grown on low-auxin media were nearly equilibrated with 14C after 45 min and were apparently smaller than the metabolically active hexose pools of high-auxin calli, which showed no signs of 14C-saturation by 90 min.
Glucose and fructose labeling were essentially equal at all time points (Fig. 1) . In Only light-grown callus accumulated ['4C]sucrose (Fig. 1) .
These accumulations were not reflected in the sucrose concentrations determined from long-term labeling under the various conTotal Sucrose Metabolism (Table III) . This may implicate a light-dependent sucrose loading into the vacuoles. Labeled maltose also accumulated in light-grown callus, though at only 1/100 the rate of ['4CJsucrose .
The labeling patterns of glucose-P and fructose-P (Fig. 1) did not follow the labeling patterns of the glucose and fructose from which the phosphorylated sugars were derived. Labeling of hexose monophosphates was significantly higher in dark-grown callus.
The greater labeling in dark-grown cells observed in glucose-P and fructose-P was observed with most of the subsequent metabolites, such as glycolysis and tricarboxylic acid cycle intermediates.
The labeled hexose monophosphate pools were therefore probably used directly for further metabolism.
There was a large increase in the rate of "CO2 release between 45 and 90 min (Fig. 2) . This lag in 14CO2 respiration was not unexpected in that the possible sources of CO2 release (pyruvate, isocitrate, a-ketoglutarate, malate, oxaloacetate, and glycine) are not primary products of ['4Cjsucrose metabolism and would be labeled only subsequent to the hexoses and hexose monophosphates.
Of all the possible precursors of CO2 respiration, malate and citrate had labeling kinetics which most closely resembled the pattern of "4CO2 release (Fig. 2) . In callus cultures grown in the dark, the amount of label found in C02, malate and citrate during the second 45 min of [14C]sucrose metabolism was 5 to 7 times larger than the labeling during the first 45 min (Fig. 2) . In lightgrown callus this ratio was about 2. In contrast to these similarities, Figure 2 shows that glycine and serine labeling, indicative of photorespiratory 14CO2 release, did not follow the pattern of 14CO2 release.
DISCUSSION
Many of the metabolite concentrations observed in our callus cultures were similar to those reported with tobacco plants (14, 19) . The observed increases in citrate levels in our dark-grown callus are in agreement with earlier observations using tobacco leaves placed in the dark (12, 23) . The large increase in proline in our green callus cells could be a stress response brought about by the high metabolite concentrations present in calli grown under these conditions. Proline concentrations are known to increase in many plants under various stress conditions (such as high salt or low water) (18) . Increases in intracellular proline levels in response to osmotic stress in tomato tissue cultures have been reported recently (7) .
Some of the metabolite concentrations observed in culture differed greatly from those seen in plants. Glutamine and, to a lesser extent, asparagine levels were extremely high in our callus. High glutamine concentrations in tobacco tissue cultures have been observed previously (2, 10). Bergmann et al (2) attribute the large glutamine concentrations to the presence of NH3 in the media. Other culture systems (such as rice and sycamore) accumulate y-aminobutyric acid in the presence of NH3 (8) and it was the most abundant free amino acid found by Noguchi and Tamaki in the leaves of tobacco plants (14) . However, the content of yaminobutyric acid was not high in our cultures (data not shown).
Increases in extracellular sucrose have been reported to suppression Chl synthesis in tissue culture systems (16) . The large intracellular sucrose concentrations of our green callus suggest that the sucrose suppression of greening does not act by simply raising the total intracellular sucrose pools.
Both our heterotrophically grown tobacco callus and the pith tissues from which they were derived metabolize sucrose primarily through invertase activity into glucose and fructose, which are then phosphorylated and further metabolized through glycolysis. found during [U-_4Cjsucrose metabolism in both pith and callus tissues was always near unity which is indicative of invertase activity. Such labeling would not be expected if sucrose was primarily broken down to glucose and fructose via UDP-glucose, glucose-l-P, and glucose-6-P by the enzymes sucrose synthase, UDP-glucose pyrophosphorylase, phosphoglucomutase, and glucose-l-phosphatase. The percentage of 4C-metabolism which was found in glucose and fructose declined slightly from 10 to 50 min in both pith and callus tissues, supporting the hypothesis that the hexoses were primary products of metabolism.
The observed accumulations of labeled glucose and fructose with time could result from cell wall invertase activity hydrolyzing extracellular sucrose into glucose and fructose in the free space of the callus tissues. This is not likely, however, inasmuch as callus tissues were washed extensively before analysis of "C incorporation. In addition, ['4CJsucrose concentrations in dark-grown cells were lower than those expected if free space constituents were also being measured.
UDP-glucose labeling increased with time throughout the assaying periods in both pith and callus tissues and showed no apparent saturation of its metabolically active pool. These observations are consistent with a relatively unimportant role for sucrose synthase activity. If the low UDP-glucose labeling was due to a quick conversion of newly labeled UDP-glucose to glucose-1-P via UDP-glucose pyrophosphorylase, then the ratio of [1'C]-glucose-1-P to ['4C]UDP-glucose would be expected to be approximately constant at early time points. This was not observed; instead hexose-monophosphate labeling often saturated after 20 min of metabolism (e.g., Fig. 1) .
Our results lead to conclusions which differ from those of Thorpe and Meier (22) , who concluded that sucrose synthase and UDP-glucose pyrophosphorylase could play major roles in sucrose catabolism. Their measurements were taken throughout the growth cycle, however, and therefore cover periods, such as the early exponential growth phase, which our studies did not observe. Their conclusions were based on in vitro assays of various sucrose metabolizing enzymes. Though the presence of an enzyme activity makes a particular metabolic function possible, the quantitative importance of that function in metabolism in vivo need not be great. The presence of sucrose synthase and UDP-glucose pyrophosphorylase in tobacco callus tissues seems more likely to be related to sucrose synthesis rather than its catabolism.
The similarities in the time course of "CO2 release and "4C labeling of malate and citrate suggest that the major source of "'CO2 respiration in our cultures was the tricarboxylic acid cycle.
Labeling of glycine and serine indicated that photorespiration was relatively inactive. However, glycine and serine labeling were higher in light-grown callus relative to the labeling patterns of other metabolites (excepting glucose and fructose). This suggests that photorespiration was induced to some extent in callus cultures grown in the light. Low rates of photosynthesis and photorespiration in heterotrophically grown tobacco callus cultures have been reported previously (3). Higher rates of photorespiration would be expected in photoautotrophically grown cultures, or by growth on media which supports photosynthetic differentiation, such as a low-auxin media.
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